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Background: Rheb (Ras homologue enriched in brain) regulates mammalian target of rapamycin complex 1 (mTORCI).
Results: mMTORCI activity and cardiac hypertrophy are attenuated in Rheb-deficient hearts after the early postnatal period.
Conclusion: Rheb-dependent mTORCI activation becomes essential for cardiomyocyte hypertrophic growth after the early

postnatal period.

Significance: The findings provide insight into the regulatory mechanism of mTORCI1 in postnatal heart development.

Cardiomyocytes proliferate during fetal life but lose their
ability to proliferate soon after birth and further increases in
cardiac mass are achieved through an increase in cell size or
hypertrophy. Mammalian target of rapamycin complex 1
(mTORC]1) is critical for cell growth and proliferation. Rheb
(Ras homologue enriched in brain) is one of the most important
upstream regulators of mTORCI. Here, we attempted to clarify
the role of Rheb in the heart using cardiac-specific Rheb-defi-
cient mice (Rieb™'~). Rheb™'~ mice died from postnatal day 8 to
10. The heart-to-body weight ratio, an index of cardiomyocyte
hypertrophy, in Rheb™'~ was lower than that in the control
(Rheb™'*) at postnatal day 8. The cell surface area of cardiomyo-
cytes isolated from the mouse hearts increased from postnatal
days 5 to 8 in Rieb*’* mice but not in Rzeb™'~ mice. Ultrastruc-
tural analysis indicated that sarcomere maturation was
impaired in Rheb™ '~ hearts during the neonatal period.
Rheb™'~ hearts exhibited no difference in the phosphorylation
level of S6 or 4E-BP1, downstream of mTORCI at postnatal day 3
but showed attenuation at postnatal day 5 or 8 compared with the
control. Polysome analysis revealed that the mRNA translation
activity decreased in Rheb™'~ hearts at postnatal day 8. Further-
more, ablation of eukaryotic initiation factor 4E-binding protein 1
in Rheb™'~ mice improved mRNA translation, cardiac hyper-
trophic growth, sarcomere maturation, and survival. Thus, Rheb-
dependent mTORCI activation becomes essential for cardiomyo-
cyte hypertrophic growth after early postnatal period.
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Growth of the heart during embryonic development occurs
primarily through proliferation of cardiac myocytes. However,
cardiac myocytes withdraw from the cell cycle soon after birth
and further increases in cardiac mass are achieved predomi-
nantly through hypertrophic growth rather than proliferation
of individual myocytes (1). Normal heart development in peri-
natal period requires cardiomyocyte maturation, proliferation,
and hypertrophy. However, the precise molecular mechanisms
underlying perinatal cardiac development remain to be eluci-
dated. The serine/threonine protein kinase Akt is an important
mediator of phosphatidylinositol-3 kinase signaling and in-
volved in postnatal cardiac growth (2). The stimulation of Akt
signaling pathway leads to the activation of a master regulator
of cell growth and metabolism, mammalian target of rapamycin
complex 1 (mTORC1).2mTORCI consists of five components,
including mTOR, the Raptor (regulatory associated protein of
mTOR), and PRAS40 (proline-rich Akt substrate 40 kDa) (3).
One of the most important signaling molecules in the regula-
tion of mMTORCI1 is the Ras homologue enriched in brain gene
(Rheb). Rheb is ubiquitouly expressed in mammalian cells with
the highest levels in skeletal and cardiac muscle (4). The Rheb
gene encodes a small GTPase, closely related to Ras, that exists
either in an active GTP-bound or an inactive GDP-bound state
(5). Rheb is inactivated by the tuberous sclerosis complex 1 and
2 (TSC1 and TSC2, respectively) GTPase-activating protein
complex that catalyzes the conversion of Rheb-GTP to Rheb-

2 The abbreviations used are: nTORC1, mammalian target of rapamycin com-
plex 1; TSC, tuberous sclerosis complex; 4E-BP, 4E-binding protein, «MHC-
Cre mice, a-myosin heavy chain promoter driven Cre recombinase trans-
genic mice; LV, left ventricular; PCNA, proliferating cell nuclear antigen;
LC3, light chain 3.
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GDP (6). The role of Rheb toward mTORC]1 activation in the
postnatal hearts has not been elucidated.

Protein biosynthesis represents a major cellular process con-
troled by mTORC]1, which is coordinately regulated by the
mTORC1-4E-BP1 and -4E-BP2 (eukaryotic initiation factor
4E-binding proteins 1 and 2) and mTORC1-p70 S6 kinase axis
(3). In mammalian cells, translation is controlled at the initia-
tion step, when the 40 S ribosomal subunit is recruited to the
mRNA (7). The capping of the 5" end of mRNA allows the
recruitment of elF4F, including eIF4E and the 40 S ribosomal
subunit to the mRNA 5'-cap structure (8). The phosphoryla-
tion of 4E-BP1 by mTORCI1 prevents its binding to eIF4E, ena-
bling eIF4E to promote cap-dependent translation (8). The
detailed role of the mTORC1-S6 kinase axis in translational
control remains to be elucidated (9). S6 kinase phosphorylates
several substrates that function in translation and drive protein
production.

In addition to the role of mTORC]1 in protein synthesis, it
plays an important role in protein degradation. There are two
protein degradation systems in mammalian cells, namely
autophagy and ubiquitin/proteasome systems. mTORC1 sup-
presses autophagy in mammalian cells (10) by binding and
phosphorylating the autophagy-initiating kinase ULK1 (11).

To investigate an in vivo role of Rheb, loss-of-function stud-
ies have been reported (12, 13). Rheb-deficient embryos died
around midgestation with impaired development of the cardio-
vascular system (12). Rheb-deficient embryonic fibroblasts
showed decreased mTORC]1 activity, were smaller, and showed
impaired proliferation compared with wild-type cells. Embry-
onic deletion of Rhebl in neural progenitor cells abolished
mTORCI1 signaling in developing brain (13).

In adult hearts, Rheb has been reported to be involved in
cardiac hypertrophy. Overexpression of Rheb in isolated adult
rat cardiomyocytes activated mTORCI and protein synthesis
and induced enlargement of cell surface area (14). Although
Rheb was inactivated during acute myocardial ischemia, over-
expression of Rheb in the mouse heart reversed the down-reg-
ulation of mTORCI activity during ischemia and increased
infarct size accompanied by inhibition of autophagy (15). In the
current study, we generated floxed Rizeb mice to obtain cardiac-
specific Rheb-deficient mice to elucidate the role of Rheb in the
in vivo heart and examine the contribution of Rheb to mTORC1
signaling in postnatal cardiac development. We found that
Rheb is not required for mTORCI signaling during the early
postnatal period but becomes essential for mTORCI signaling
and normal cardiac development after transition from prolifer-
ation to hypertrophy.

EXPERIMENTAL PROCEDURES

Generation of Cardiac-specific Rheb-deficient Mice—The
Rheb gene-targeting vector was constructed using a mouse
C57BL/6] BAC genomic library (BACPAC Resources Center)
as reported previously (16). The targeting vector was electropo-
rated into ES cells (F1; SVJ129 and C57BL/6J), and the trans-
fected ES clones were selected for neomycin resistance accord-
ing to standard protocols. The neomycin-resistant ES clones
with targeted homologous recombination were screened by
PCR and further confirmed by Southern blotting. Circular
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pCAG-FLpe plasmid and pPGK-Puro plasmid was electropo-
rated into the selected ES clones, and the transfected ES clones
were selected for puromycin resistance according to the stand-
ard protocols. The neomycin cassette excised ES clones were
screened by PCR. Southern blotting and karyotyping analyses
were performed to obtain ES clones exhibiting the desired
homologous recombination and normal karyotype. These tar-
geted ES clones were injected into blastocyst mouse embryos to
generate chimeric mice. The chimeric mice were crossed with
C57BL/6] mice to validate germ line transmission. The off-
spring with “floxed” Rheb mice were crossed with transgenic
mice expressing Cre recombinase under the control of the
a-myosin heavy chain promoter (aMHC-Cre mice) in the
C57BL/6] background (17) to generate cardiac-specific dele-
tion of Rheb. The genotype of the floxed mice was determined
by PCR on tail genomic DNA using primers as follows: 5'-GCT
GAC ACT CAC TAC AGA ATA ATG-3' and 5'-CAA TCA
TTA ACC TGA CTG GTC TCT-3' to amplify the wild-type
and floxed alleles (296 and ~350 bp, respectively). The primers
for the amplification of aMHC-Cre are 5'-GAA CAC ACC
TGG AAG ATG CTC CT-3" and 5'- CTG ATT CTG GCA
ATT TCG GCA AT-3' with the amplicon of 427 bp.

To generate double knock-out mice of Rheb and Eif4ebpl,
Rheb™™*;aMHC-Cre™ mice were crossed with Eifdebpl '~
mice (18) in the C57BL/6] background. To generate double
knock-out mice of Rheb and Atg5, Rheb™™ " ;aMHC-Cre™ mice
were crossed with Afg5"°*1°* mice (19) in the C57BL/6]
background.

Southern Hybridization—Southern blot analysis of embry-
onic stem cells was performed as reported previously (17).
Genomic DNA was isolated from embryonic stem cells,
digested with Kpnl, and subjected to Southern blot analysis.
The probe used was an 1174-bp PCR fragment amplified with
5-ACT TCC CTT GTA GTT TAG CGT ATA GCA-3' and
5'-ACCTAA CTA AAT GAA CAA ACA AAA ATG GCA-3'.

Echocardiographic Assessment—Vevo 770 with a 25-MHz
imaging transducer or Vevo 2100 with a 40-MHz imaging
transducer (Visual Sonics) was used for noninvasive transtho-
racic echocardiographic analysis on awake mice in water at
37°C. Two-dimensional guided M-mode tracings were
recorded. The internal diameter of the left ventricle in the short
axis plane was measured at end diastole and end systole from
M-mode recordings just below the tips of the mitral valve leaf-
lets. The interventricular and left ventricular (LV) posterior
wall thicknesses were measured at the end diastole.

Histological Analysis—Hematoxylin/eosin or Azan-Mallory
staining was performed on paraffin-embedded sections. The
cross-sectional areas of cardiomyocytes were determined as
described previously (20). To determine the number of cells
undergoing apoptosis, we performed a TUNEL assay on paraf-
fin-embedded heart sections, using an in situ apoptosis detec-
tion kit (Takara Bio, Inc.). For electron microscopy, the hearts
were perfused in retrograde and fixed with 2.5% glutaraldehyde
(Wako) in 0.1 M phosphate buffer (pH 7.4). The LV tissues were
processed for transmission electron microscopy H-7650 (Hita-
chi) as described previously (21). To evaluate the sarcomeric to
cytosolic area ratio, the area of sarcomere or cytosol in the
micrograph taken at 1000-fold magnification was evaluated
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using NIH Image] software (version 1.43u) for 20 fields per
mouse.

Western Blot Analysis—Protein homogenates were subjected
to Western blot analysis using antibodies against Rheb, eIF4E-
BP1, proliferating cell nuclear antigen (PCNA; Abcam), cleaved
caspase 3, phospho-elF4E-BP1 (Ser-65), phospho-elF4E-BP1
(Thr-70), phospho-eIF4E-BP1 (Thr-37/Thr-46), S6 ribosomal
protein, phospho-S6 ribosomal protein, AKT, phospho-AKT
(Thr-308), phospho-AKT (Ser-473), LC-3, PRAS40, phospho-
PRAS40 and a-tubulin (Cell Signaling Technology), ubiquitin
(Dako Cytomation), p62 (PROGEN Biotechnik) and GAPDH
(Santa Cruz Biotechnology). NIH Image] software (version
1.43u) was used to perform densitometric analyses.

Quantitative Real-time RT-PCR—We isolated total RNA
from the ventricle for analysis using the TRIzol reagent (Invit-
rogen). We determined mRNA levels for Nppa, Nppb, collagen
type 1 @2 (Colla2), and GAPDH by quantitative RT-PCR. For
reverse transcription and amplification, we used the TagMan
Reverse Transcription Reagents (Applied Biosystems) and Plat-
inum Quantitative PCR SuperMix-UDG (Invitrogen). The
PCR primers and probes of Nppa (assay ID Mm01255747_
gl), Nppb (assay ID Mm00435304_gl), Colla2 (assay ID
MmO01165187_m1), and GAPDH (4352339E) were obtained
from Applied Biosystems. We constructed RT-PCR standard
curves using the corresponding cDNA. All data were normal-
ized to GAPDH content and are expressed as fold increase over
the control group.

Myocyte Isolation and Cell Surface Area—Myocytes were
enzymatically isolated from neonatal hearts. The cannulated
heart was attached to Langendorff apparatus for coronary per-
fusion with calcium-free solution (120 mm NaCl, 5.5 mm KCl,
1.2 mm NaH,PO,, 20 mm NaHCO;, 1.6 mm MgCl,, 5.6 mm
glucose, 5 mM taurine). After 2 min, the perfusion solution was
switched to the calcium-free solution containing 350 units/ml
collagenase (Worthington) and perfused for an additional 15
min. The heart was then minced in the calcium-free solution
containing 1 mg/ml BSA (Sigma), and isolated cardiomyocytes
were obtained. Cell images were taken under a phase contrast
microscope DP21 (Olympus). NIH Image] software (version
1.43u) was used to analyze cell surface area. One hundred myo-
cytes from each heart were used for the measurement of cell
surface area.

Polysome Analysis—Polysome profile analysis was carried
out as described previously (22). Hearts were lysed in a hypo-
tonic lysis buffer (5 mm Tris-HCI (pH 7.5), 2.5 mm MgCl,, 1.5
mMm KCI, 100 mg/ml cycloheximide, 2 mm DTT, 0.5% Triton
X-100, and 0.5% sodium deoxycholate). Lysates were loaded
onto 10-50% sucrose density gradients (20 mm HEPES-KOH
(pH 7.6), 100 mMm KCI, 5 mm MgCl,) and centrifuged at 40,000
rpm for 2.5 h at 4 °C using an ultracentrifuge Optima L-90K and
SW 41 Ti (Beckman). Gradients were fractionated, and absor-
bance at 254 nm was continuously recorded using a gradient
fractionator (BioComp Instruments) and a spectrophotometer
UV-3100PC (Shimazu).

Immunoprecipitation—The hearts from 8-day-old mice were
homogenized in TEN buffer (100 mm Tris-HCI, (pH 7.5), 100
mM NaCl, 10 mm EDTA, 0.5% Nonidet P-40) supplemented
with 1X phosphatase inhibitor mixture (Roche Applied Sci-
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ence) and 1X Complete protease inhibitor mixture (Roche
Applied Science) and clarified by centrifugation at 15,000 rpm
for 20 min at 4 °C. Detergent-soluble fractions were incubated
with protein A-Sepharose (GE Healthcare) preincubated with
rabbit monoclonal anti-4E-BP1 antibody (Cell Signaling Tech-
nology), followed by overnight rotation at 4 °C. Protein A-Sep-
harose complexes were sequentially washed twice with TEN
buffer supplemented with 500 mm NaCl and twice with TEN
buffer alone. Immunoprecipitates were eluted by heating at
95 °C for 5 min in 2X Laemmli sample buffer containing 2%
2-mercaptoethanol. Immunoprecipitates and input lysates
were resolved by SDS-PAGE and subjected to Western blot
analysis using antibodies 4E-BP1 and eIF4E (Abcam).

Statistics—Results are expressed as the mean = S.E. Compar-
isons between two groups were performed using Student’s ¢
test. One-way analysis of variance with Bonferroni post hoc test
was used for multiple comparisons. The Kaplan-Meier method
with a log-rank test was used for survival analysis. p < 0.05 was
considered statistically significant.

Study Approval—Experiments using animals in this study
were carried out under the supervision of the Animal Research
Committee of Osaka University and in accordance with the
Guidelines for Animal Experiments of Osaka University and
the Japanese Act on Welfare and Management of Animals (no.
105).

RESULTS

Generation of Cardiac-specific Rheb-deficient Mice—To
investigate the role of Rheb in the heart, we generated cardiac-
specific Rheb-deficient mice. To obtain cardiac-specific Rheb-
deficient mice, conditional inactivation of the Rheb gene was
achieved by the inserting loxP sites cloned 5" and 3’ of exon 3
(Fig. 1A). Selection cassettes comprising a neomycin resistance
gene (neo), flanking two flippase recognition target sites, for
positive selection and a diphtheria toxin gene for negative selec-
tion were positioned between exon 3 and the downstream loxP
site and at the 3’ end of the targeting vector, respectively (Fig.
1A). Homologous recombinants were identified by PCR and
Southern blotting. The ES cells with the Rheb-floxed allele and
the selection marker gene, that is, the PGK-neo cassette, were
transfected with plasmid encoding FLpe recombinase to obtain
Rheb-floxed ES cells without the PGK-neo cassette, which were
identified by PCR and Southern blotting (Fig. 1B). The
homozygous Rheb-floxed mice (Rheb™ /%) appeared nor-
mal and were externally indistinguishable from littermates
of other genotypes. To investigate the in vivo role of Rheb,
we generated cardiac-specific Rheb-deficient mice. We
crossed Rheb"'1°* mice with a-myosin heavy chain pro-
moter-driven Cre recombinase transgenic mice (17) (aMHC-
Cre) to generate Rheb™™ 1 MHC-Cre™ mice (Rheb™'").
We used Rheb™°5,aMHC-Cre~ littermates as controls
(Rheb™'™"). Immunoblot analysis of heart extracts from mice
indicated that there were no significant differences in Rheb pro-
tein level in Rheb*’" hearts among at postnatal day 3, 5, and 8
(Fig. 1C). We observed a 70% reduction in Rheb protein level in
Rheb™'~ hearts relative to Rheb™’" hearts at postnatal day 3
(Fig. 1D). It has been reported that the aMHC promoter
becomes active in cardiomyocytes between embryonic days 7.5
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FIGURE 1. Targeted modification of the Rheb gene. A, schematic structures
of genomic Rheb sequences, the targeting construct, the targeted allele, the
floxed allele, and the Rheb™’ " allele (from top to bottom). The black and white
arrowheads represent loxP and flippase recognition target sites, respectively.
The targeting construct includes the PGK-neo cassette flanked by flippase
recognition target sites and a diphtheria toxin gene (DTA). The arrows corre-
spond to the primer sequences for PCR screening. The bar labeled probe cor-
responds to the sequence used for Southern blotting analysis in B. B, genomic
analysis of ES cells (left panel). Genomic DNA was isolated from ES cells,
digested with Kpnl, and analyzed by Southern blotting with the probe.
Shown is genomic analysis of mouse tails (right panel). Genomic DNA was
isolated from mouse tail and subjected to PCR analysis. C and D, protein
expression of Rheb at postnatal days 3, 5, and 8. Heart extracts from Rheb™’*
(Cand D) and Rheb™’~ (D) at postnatal day 3, 5, or 8 were subjected to West-
ern blot analysis. The average value at postnatal day 3 was set equal to 1 (C).
Right panels show densitometric analysis (n = 3). Values are expressed as the
mean *= S.E.*, p < 0.05.

and 8 in mice (23). In fact, there were no significant differences
in relative Rheb protein level to Rheb™'* in Rheb™'~ hearts at
postnatal days 3, 5, and 8 (70, 70.5, and 68.9% reduction at
postnatal day 3, 5, and 8, respectively) (Fig. 1D). Expected Men-
delian ratios of Rheb™1%aMHC-Cre™, Rheb11°%a MHC-
Cre~, Rheb™";aMHC-Cre™, Rheb™ " ;aMHC-Cre~ mice
(n = 115, 140, 114, and 118, respectively) were detected at
postnatal day 3 among the offspring of Rheb™/1°%
aMHC-Cre~ and Rheb™™*;aMHC-Cre™ mice, indicating no
significant embryonic lethality.
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Cardiac-specific Deletion of Rheb Resulted in Premature
Death and Cardiac Dysfunction after Early Postnatal Period—
Rheb™'~ mice started to die at postnatal day 8 (Fig. 24). At
postnatal day 10, all Rheb™'~ mice had died, whereas no
Rheb™'™" mice died at that time. Physiological parameters such
as body weight, heart weight and lung weight were not signifi-
cantly different between Rheb ™'~ and Rheb™’" mice at postna-
tal days 3 and 5 (Fig. 2B). Body weight increased with age both in
Rheb™'~ and Rheb™'" mice. The heart weight at postnatal day
8 was greater than that at postnatal day 3 or 5 in Rkeb ™" mice.
In Rheb™'~ mice, the heart weight at postnatal day 8 was greater
than that at postnatal day 3 but was not significantly different
from that at day 5. The heart weight in Rheb™'~ mice was sig-
nificantly lower than that in Rieb ™’ mice at postnatal day 8.
The ratio of heart-to-body weight in Rheb™’~ mice at postnatal
day 8 was significantly lower than that in Rheb ™/~ at postnatal
day 3 or 5 or that in Rheb™’" mice at postnatal day 8. We
performed echocardiographic analysis on Rkheb '~ mice. The
echocardiographic parameters were not significantly different
at postnatal day 5 between Rheb '~ and Rheb™'* mice (Fig.
2D). However, the diastolic interventricular septum thickness
and diastolic LV posterior wall thickness in Rheb™ '~ mice were
significantly smaller than those in Rheb™’" mice at postnatal
day 8. The end-diastolic and systolic LV dimensions were sig-
nificantly larger and LV fractional shortening was significantly
reduced in Rheb '~ mice at postnatal day 8 compared with
Rheb™'* mice at postnatal day 8 or Rheb '~ mice at postnatal
day 5. We evaluated the level of atrial natriuretic factor and
brain natriuretic peptide mRNA expression, which are bio-
chemical markers for adverse cardiac remodeling, by means of
quantitative RT-PCR at postnatal day 8 (Fig. 34). The mRNA
levels of atrial natriuretic factor and brain natriuretic peptide
were significantly elevated in Rheb '~ mice compared with
Rheb™’" mice. The Rheb™’~ hearts appeared to exhibit lower
Hematoxylin/eosin stainability at postnatal day 8 (Fig. 3B). The
mRNA level for collagen «-2(I) chain increased in Rheb '~
hearts (Fig. 34), whereas Azan-Mallory staining indicated a
slight increase in the extent of fibrosis at postnatal day 8 (Fig.
3C). These data indicate that Rheb™’~ mice exhibited normal
cardiac function until postnatal day 5 but developed cardiac
dysfunction at postnatal day 8. Thus, Rheb is not required for
embryonic heart development and maintenance of cardiac
structure and function until postnatal day 5.

TUNEL assay revealed that there was no significant differ-
ence in the number of TUNEL-positive cardiomyocytes
between Rheb™ '~ and Rheb"'™" hearts at postnatal day 8 (Fig.
3D). Furthermore, there was no significant difference in the
level of cleaved caspase 3 (Fig. 3E). These results suggest that
apoptosis was not a major cause for the development of dilated
cardiomyopathy in Rheb™'~ mice.

Histological Analysis of Rheb-deficient Mice Revealed Small
Cardiomyocyte Size—Because we observed a lower ratio of
heart weight/body weight in Rheb™ '~ mice at postnatal day 8,
we estimated cross-sectional area of cardiomyocytes on heart
sections at postnatal day 3, 5, and 8 (Fig. 4, A and B). There were
no significant differences in cross-sectional area of cardiomyo-
cytes between 3 and 5 days after birth either in Rheb '~ or
Rheb™’" mice or between Rheb™ '~ and Rheb™'* mice at post-
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C, Azan-Mallory-stained heart sections. Scale bar, 20 um. D. number of TUNEL-positive cardiomyocytes. Values are expressed as the mean = S.E. (n = 3). E,
Western blot analysis of heart extracts using cleaved caspase 3 antibody at postnatal day 8. Right panel shows densitometric analysis (n = 3). The average value
for Rheb™* mice was set equal to 1. Values are expressed as the mean = S.E.

natal day 3 or 5. In Rheb™’™ hearts, the cross-sectional area at
postnatal day 8 was larger than that at postnatal day 5. However,
there was no significant difference in the cross-sectional area
between 5 and 8 days after birth in Rheb™'™ mice. As a result,
Rheb™'~ hearts exhibited smaller cross-sectional area than
Rheb™'™ hearts at postnatal day 8. To confirm this result, we
isolated cardiomyocytes from the mice and estimated the cell
surface area (Fig. 4, C and D). In Rheb ™™ mice, the cell surface
area increased with age. Although the cell surface area
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increased by 35.5% between 3 and 5 days after birth, it increased
by 88.9% for the next 3 days. In Rheb™ '~ mice, the cell surface
area increased by 36.6% between 3 and 5 days after birth, but
there was no further increase in the cell surface area between 5
and 8 days after birth. Consequently, Rheb ™'~ cardiomyocytes
exhibited smaller cell surface area than Rheb™’" cardiomyo-
cytes at postnatal day 8. We examined the protein level of
PCNA to evaluate the level of proliferation (Fig. 5). In Rheb™'™
hearts, the level of PCNA at postnatal day 8 was lower than that
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at postnatal day 3. There was no significant difference in the
PCNA protein level between Rheb '~ and Rheb™'™ mice at
postnatal day 3, 5, or 8. These results suggest that Rheb is not
related to cardiomyocyte proliferation but is essential for post-
natal hypertrophic growth of cardiomyocytes.

mTORCI Signaling Was Impaired by Deletion of Rheb after
Early Postnatal Period—The extent of reduction in Rheb pro-
tein level in Rheb ™'~ hearts compared with Rieb ™’ hearts was
similar at postnatal days 3, 5, and 8 (Fig. 1D). Nevertheless,
there was no significant difference in the phosphorylation level
of S6 or 4E-BP1 between Rheb '~ and Rheb™’" mice at post-
natal day 3, indicating preservation of mMTORCI1 signaling (Fig.
6, A-D). The phosphorylation level of S6 or 4E-BP1 was signif-
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icantly attenuated in Rheb '~ hearts compared with the con-
trol at postnatal day 5 or 8. The phosphorylation of 4E-BP1 was
further analyzed using its phosphorylation site-specific anti-
bodies. The phosphorylation levels of Thr-37/Thr-46 and
Ser-65 in 4E-BP1 were attenuated in Rheb '~ hearts at postna-
tal day 8. It has been reported that deletion of Rheb resulted in
an increase in Akt phosphorylation, suggesting a negative feed-
back in the mTORCI1 signaling pathway (12). Consistent with
the existence of a negative feedback loop, the phosphorylation
level of Akt in Rheb™ '~ hearts was increased at postnatal day 5
or 8, but not at day 3, compared with Rheb™’" hearts. The
interaction of 4E-BP1 with eIF4E was enhanced in Rheb '~
hearts (Fig. 6E). The phosphorylation level of PRAS40 was
increased in Rheb '~ hearts at postnatal day 3 (Fig. 6F).

Rapamycin, an inhibitor of mTORC]1, attenuated the PCNA
protein level, the phosphorylation level of S6 or 4E-BP1, body
weight, heart weight, and the ratio of heart-to-body weight in
Rheb™'~ and Rheb ™' mice at postnatal day 3 (Fig. 7, A and B).
There was no significant difference in body weight, heart
weight, or the ratio of heart-to-body weight between rapamy-
cin-treated Rheb™ '~ and Rheb™'™ mice at postnatal day 3. At
postnatal day 8, rapamycin attenuated the PCNA protein level
and the phosphorylation level of S6 or 4E-BP1 in Rheb™ '~ and
Rheb™'* mice. Heart weight or the ratio of heart-to-body
weight in Rheb ™" mice was greater than thatin Rheb™ '~ mice.
Rapamycin decreased the ratio of heart-to-body weight in
Rheb™'* but not in Rheb™'~ mice.

Sarcomere Maturation and mRNA Translation Were Atten-
uated in Rheb™’~ Hearts—To identify a molecular mechanism
underlying the cardiac phenotypes observed in Rheb™ '~ mice,
we performed ultrastructural analysis on the hearts (Fig. 8, A
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and B). At postnatal day 3 or 5, the sarcomere structures in both
Rheb™'~ and Rheb™'* were immature, indicated by a narrow
sarcomere width. There was no significant difference in sarco-
meric to cytosolic area ratio between Rheb '~ and Rheb™'™
mice at postnatal day 3 or 5. At postnatal day 8, the width of the
sarcomere became greater in Rheb™’* mice, but it remained
narrow in Rheb '~ mice. The sarcomeric to cytosolic area ratio
was increased by 35% in Rheb*’" hearts between 5 and 8 days
after birth, whereas there was no significant difference during
this period in Rheb™ '~ mice. The ratio was larger in Rheb™*'"
hearts than that in Rheb™ '~ hearts at postnatal day 8. These
results indicate that sarcomere maturation was impaired in
Rheb™'~ hearts. There was no significant difference in the
number of mitochondria per cell area between 5 and 8 days
after birth in Rheb™ '~ or Rheb™'* mice (Fig. 8C).
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It has been reported that mTORC1 promotes cell prolifera-
tion through enhanced translation of mRNAs mediated
through 4E-BP1 (24). We thus examined the translation activity
by estimating the association of ribosomes with mRNA at var-
ious time points after birth (Fig. 8D). In this assay, the number
of ribosomes within the polysomal fraction of mRNA is a reflec-
tion of de novo protein synthesis (25). Rheb ablation caused a
decrease in polysomal fractions from postnatal day 5, indicating
a reduction in translation in Rieb™ '~ hearts.

Autophagy Was Not Involved in the Development of Car-
diomyopathy in Rheb™’~ Hearts—Determinants for cell size
should be the levels of protein synthesis and degradation. There
are two protein degradation systems in mammalian cells,
namely the autophagy and ubiquitin/proteasome systems. We
have previously reported that constitutive autophagy is critical
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for the maintenance of cardiac function, whereas inducible
autophagy plays an important role to protect hearts from
hemodynamic stress (21). mTORC]1 is known to be an impor-
tant negative regulator of autophagy in mammalian cells (10).
We investigated the autophagic activity in Rheb™ '~ hearts by
immunoblot for microtubule-associated protein light chain 3
(LC3) and p62 at postnatal day 8 (Fig. 94). Conversion of LC3-1
to LC3-II is an essential step for autophagosome formation.
There was no significant difference in the ratio of LC3-II to
a-tubulin between in Rheb '~ and Rheb™’" hearts, whereas
the ratio of LC3-II to LC3-Iincreased in Rieb ™'~ hearts. There
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was no significant difference in the level of p62, a marker for
autophagy flux, between Rheb '~ and Rheb™’" hearts. These
suggest that autophagy flux was not enhanced in Rheb '~
hearts compared with Rheb™’™" hearts. We detected no signifi-
cant difference in levels of ubiquitinated proteins between
Rheb™'~ and Rheb™'* hearts (Fig. 9B).

To exclude the contribution of autophagy to cardiomyo-
pathic phenotypes observed in Rheb '~ mice, we generated
cardiac-specific double knock-out mice of Rheb and AtgSs,
which is an essential molecule for autophagy. Ablation of
Atg5 resulted in a decrease in the protein level of LC3-II in
Rheb™ '~ hearts (Fig. 9C). However, ablation of A£g5 had no
effect on the survival of Rheb™ '~ mice, suggesting that
autophagy was not related to the premature death of
Rheb™ '~ mice (Fig. 9C).

Ablation of Eif4ebpl Improved Survival, Cardiac Function,
and Hypertrophic Growth in Rheb™’~ Mice—Because it has
been reported that deletion of S6 kinases did not attenuate
pathological, physiological, or insulin-like growth factor 1
receptor-phosphoinositide 3-kinase-induced cardiac hypertro-
phy (26), we examined the contribution of the decrease in
4E-BP1 phosphorylation to the observed phenotypes in
Rheb™'~ mice by generating Rheb™'~;Eifdebpl '~ mice. Abla-
tion of Eif4ebpl resulted in a significant improvement of sur-
vivalin Rheb™ '~ mice (Fig. 10A). Echocardiographic analysis on
mice at postnatal day 8 showed larger diastolic interventricular
septum thickness and posterior wall thickness, smaller end dia-
stolic and systolic LV dimensions, and higher fractional short-
ening in Rheb_/_;Ezfélebpl_/_ mice than those in Rheb™'~;
Eif4ebpl™'" mice (Fig. 10, B and C). Furthermore, ablation of
Eifdebpl led to increases in heart weight, the ratio of heart
weight to body weight, hematoxylin/eosin stainability, and
cross-sectional area (Fig. 10, D—F). Rheb™ '~ ;Eif4ebpl '~ mice
showed wider and more mature sarcomeres compared with
control Rheb™'~;Eif4ebpl1™’'* mice at postnatal day 8 (Fig.
10G). Eif4ebpl ablation caused an increase in polysomal frac-
tion at postnatal day 8 in Rheb '~ hearts (Fig. 10H).

DISCUSSION

In this study, we analyzed the in vivo function of Rheb, a vital
regulator of mTORCI1 signaling, in the heart by conditionally
deleting Rheb from cardiomyocytes. We showed that Rheb is
not essential for embyronic and early postnatal heart develop-
ment but essential for heart development beyond postnatal day
5. Conventional Rheb-deficient mice died around midgestation
due to impaired development of the cardiovascular system (12).
Our results indicate that this impaired development of the car-
diovascular system could be the secondary consequences of
Rheb deletion. Rheb-dependent mTORCI activation is indis-
pensable for cardiac hypertrophic growth from postnatal day 5.
However, we observed the activation of S6 kinase and 4E-BP1 at
postnatal day 3 in Rheb™'~ mice. Thus, Rheb is not essential for
the mTORCI1 activation during neonatal cardiac development
soon after birth. Possibly, an isofom of Rheb such as RhebL1
(27) partially compensates for the loss of Rheb. Alternatively,
mTORC1 may exhibit Rheb-independent activity in in vivo
hearts. Our experiments using rapamycin indicate that Rheb-
independent mTORC1 pathway exists at postnatal days 3 and 8
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in the heart (Fig. 7A). Those also indicate that mTORC1 is
involved in both proliferation and protein synthesis during
early postnatal cardiac development. Although Rheb-depen-
dent mTORCI1 activation is required for cardiac hypertrophic
growth at postnatal day 8, Rheb-independent mTORC1 path-
way plays an important role in cardiac development at postna-
tal day 3 (Fig. 7B). The contribution of the Rheb-independent
mTORCI1 pathway in cardiac growth at postnatal day 8 remains
to be elucidated. mMTORCT has been reported to be activated by
several Rheb-independent pathways (3). Akt activation by
growth factors can activate mTORC1 in a TSC1/2-independent
manner by promoting the phosphorylation and dissociation of
PRAS40 from mTORC1 (28, 29). In fact, we detected an
increase in the phosphorylation level of PRAS40 in Rheb '~
hearts at postnatal day 3 (Fig. 6F). The energy status of the cell
is signaled to mTORC1 through AMP-activated protein kinase
1. AMP-activated protein kinase 1 reduces mTORCI1 activity by
phosphorylating TSC2 (30) or directly phosphorylating Raptor
(31). However, we detected no significant difference in phos-
phorylation level of AMP-activated protein kinase 1 between
Rheb™'~ and Rheb™’" mice at postnatal day 8 (data not shown).
Amino acids, especially leucine, activate mTORC1 in a TSC1/
2-independent manner (32). Leucine administration slightly
improved the survival of Rheb™'~ mice (age when all mice died;
postnatal day 10 and 11 for control and leucine-treated
Rheb™'~ mice, respectively) (data not shown). However, we
cannot exclude a possibility that the extension of survival is due
to nonspecific improvement of nutritional status. The Rheb-
independent mTORC1 signaling pathway in the neonatal
period soon after birth remains to be investigated.

It has been reported that cardiomyocyte cell volume remains
constant in rat hearts during the first 3 days of age, whereas cell
number increases between days 1 and 3 after birth (33). After
day 3, the number of cardiomyocytes in the heart remains rel-
atively constant, and the volume of cardiomyocyte begins to
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increase. Thus, it is possible that the Rheb-mTORCI signaling -

pathway is necessary for heart development after transition of

and survival with a decreased level of apoptosis in Mtor~
mice, whereas overexpression of a non-phosphorylatable form

cardiomyocytes from proliferation to hypertrophic growth
after early postnatal period. In this study, the cardiomyocyte
surface area in the heart was dramatically increased between
postnatal days 5 and 8 in Rkheb™’* mice, whereas it remained
constant during this period in Rkheb ™'~ mice.

There may be several possible mechanisms underlying the
development of dilated cardiomyopathy in Rheb '~ mice.
Recently, it has been reported that ablation of Mtor in the adult
mouse myocardium results in fatal, dilated cardiomyopathy
that is characterized by an increase in apoptosis, induction of
autophagy, altered mitochondrial structure, and accumulation
of 4E-BP1 (34). Ablation of Eif4ebp1 improved cardiac function
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of 4E-BP1 in isolated cardiomyocytes induced apoptosis. The
authors suggested that increased apoptosis might be a cause for
the development of cardiomyopathy in Mtor '~ mice. How-
ever, we did not observe an increase in apoptosis in Rheb™ '~
mice. One possible explanation for the discrepancy between
our results and those obtained with the use of Mtor '~ mice
may be due to the fact that mTOR deletions affect both mTOR
complexes mTORC1 and -2. Another explanation is that the
involvement of mTOR in apoptosis may be mediated through a
Rheb-independent signaling pathway. It is also possible that the
role of mMTORC1 may be different between adulthood and neo-
natal periods.
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It has been reported that mTORC1 suppresses autophagy
(10). However, we did not detect an increase in autophagic
activity in Rheb™’~ mice, and ablation of Atg5 had no effect on
survival of Rheb™ '~ mice, suggesting that autophagy was not
related to the premature death of Rzeb™’~ mice. Rheb-depen-
dent mTORCI1 activation might not be a major signaling path-
way to regulate autophagy in the heart.

Activation of mMTORCI stimulates mRNA translation via its
downstream substrates 4E-BP1 and S6 kinase (9). In this study,
we found that Rheb ablation led to an increase in the nonphos-
phorylated form of 4E-BP1, a decrease in S6 kinase activity
and reduction in translation. The rescue experiment using
Rheb™ '~ ;Eifdebpl '~ mice indicates that the mTORC1—-4E-
BP1 axis plays an important role in the maintenance of cardiac
function and structure during the neonatal period after transi-
tion from proliferation to hypertrophic growth. The develop-
ment of dilated cardiomyopathy in Rheb /'~ mice appears to
result from the lack of cardiac hypertrophic growth due to the
reduction in translation. In this experiment, ablation of
Eif4ebpl was able to improve survival of Rheb™ '~ mice but
failed to accomplish complete rescue of survival. Because we
observed chamber dilatation in dead Rheb™ ' ;Eifdebpl '~
mice, heart failure appears to be the cause of death in these
animals (data not shown). We did not identify the molecular
mechanism underlying the premature death in Rheb '~
Eifdebpl~'~ mice. Some pathway other than the mTORCI1—
4E-BP1 signaling pathway such as mTORC1-S6 kinase and
mTORC1-4E-BP2 may be involved in the premature death in
Rheb™'~;Eif4ebpl ™'~ mice.

In conclusion, the Rheb signaling pathway is essential for
normal heart development from postnatal day 5. In this period,
the Rheb-mTORC1-4E-BP1 signaling cascade plays a pivotal
role in mRNA translation and protein synthesis and thereby
cardiac hypertrophic growth.
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